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Introduction
Asymmetric rolling (ASR), a new promising process for the manufacturing of metal sheets and strips with small size, can be achieved by using rolls with unequal diameters, by prescribing different speeds of rotation to the rolls, by imposing different friction coefficients between the two rolls and the rolled strip, or by a combination of the above various factors [1] . Tribology plays a significant role for process feasibility and quality, especially in micro forming where the influence of the tribological condition is very essential due to an extensive increase in friction while scaling processes from macro to micro. Asperity flattening in surface roughness affects the friction behaviour at the interface and the transfer of surface roughness during rolling process [2 -4] . Therefore the surface roughness research is extremely important in metal forming, especially in micro rolling.
A large amount of research work concerning surface roughness has been carried out in metal forming. Asperity flattening is a key point in research of surface roughness and friction. Y. Kinura et al [5] proposed surface asperity deformation under bulk plastic straining conditions. The velocity fields based on energy minimization method were applied to predict the actual metal flows. The surface roughing affects the asperity flattening [6, 7] . Contact mechanics of rough surfaces in multiple asperities [8] was investigated to study the effect of roughness distribution on the real contact area. The surface topography [9] was assumed as different model and the simulation results from the three-wavelength model are closer to experimental results. Combined effects of friction and macroscopic deformation on asperity flattening were also reported in Ref [10] . Recent work by Wilson and Sheu has investigated the effect of bulk plasticity on asperity flattening when the lay of the roughness is parallel to the bulk straining direction [11] . H.R. Le et al [4] presented analysis of surface roughness using the Fourier transform method in cold rolling. FEM simulation provided new tools for metal forming [12 -16] . K. Manabe et al [12] reported validation of FE simulation based on surface roughness model in micro-deep drawing. Finite element simulations are performed based on the new friction model to enable more flexible modelling of friction behaviours [13] . For asymmetric rolling, Yeong-Maw Hwang et al. [1, 17] carried out analytical and experimental study on asymmetrical sheet rolling. As reduction and frictional factor increase, the relative bonding length increases. The asymmetric rolling parameters were also analysed in Refs [18, 19] , and the strip curvature has been evaluated [20] .
These researches have shown that the real areas of contact increase with the contact stress and strip plastic strain, and the dimension of strip body could influence asperity deformation. All these provide useful information for metal forming operations. However, for a number of reasons, most of these theories assumed asperities to be regularly distributed on the strip surface, and this is different from the real surface features of the rolled strip. In the miniaturization of thin strip rolling, the proportion of surface roughness of the materials to total thickness becomes larger with a decrease strip thickness, which should be considered as non-uniformity of thickness. In addition, surface roughness is thought to be the dominant process factor related to formability. The valley of surface roughness is also a source of stress concentration [21] , resulting in defect formation or propagation Based on the real strip surface, a novel finite element model of surface roughness has been developed in this study and the characterization of asymmetric thin strip rolling has also been identified. The comparison examines the evolution of real contact area, surface roughness and contact pressure distribution at the interface between rolls and the rolled thin strip under various rolling conditions. It is the first attempt to investigate the surface roughness evolution in asymmetric rolling based on real surface features. Fig. 1 Schematic illustrations of asymmetric rolling Fig.1 shows the schematic illustrations of asymmetric rolling where the speed of the upper roller is higher than that of the lower roller. The non-uniform distribution of longitudinal speed is significant across the strip thickness. Because of higher reduction of the upper strip layer resulted from higher speed, the upper neutral point is shifted along the rolling direction to near the deformation exit. Correspondingly the critical angle and forward slip are greater than that in symmetric rolling. An increase of the roll speed ratio will result in an increase in the length of the shear zone. At the same time, due to unchanged energy balance for asymmetric rolling in the vertical plane, the lower neutral point will be moved back to near the rolling entrance. Variation in these parameters increases the longitudinal speed of the strip near the upper roller and reduces the longitudinal speed of the strip near the lower roller in the exit. In this case, the critical angle, forward slip, and longitudinal speed of the strip near at the lower roller in the exit plane are reduced. This process improves productivity of the rolling operation in reducing of the rolling force, pressure, torque and improving properties of the strip surface. The neutral points are at different positions resulting in a cross shear zone between them.
Asymmetric rolling analysis
As shown in Fig.1 , the whole plastic deformation region at the roll gap is divided into three distinct regions according to the directions of the friction force exerted on the strip from the upper and lower rolls: zone I for the entrance region, zone II for the cross shear region (CSR) and III for the exit region. From the volume constancy of the material, the positions of the upper and lower neutral points and , have the following relationship as [19] 
where, ＝ is speed ratio (speed asymmetric factor) of two rollers; R roller radius, mm; thickness after rolling, mm; and are the distances of upper and lower neutral point to the vertical symmetry plane of two rollers, respectively.
Surface roughness modelling in FEM

Surface roughness modelling
In order to simulate the rolling process accurately, appropriate models for material behaviour across a large range of size scales are necessary. Fig. 2 shows the three dimensional measured heights of surface roughness of the steel strip and the measured values were obtained from measurement system: 3D Laser Scanning Microscope, VK-X100. The rolling direction and rolling trace have also been identified in Fig 2. Note that the surface roughness profile seems in random and the characterization of higher height distribution is significant along rolling direction and shown in rolling trace, and the maximum relative height is around 5.8 µm. Fig. 3 shows the two dimensional surface profile in a certain length of 100 µm. A continuous function is required to eliminate the need of integrating discrete functions during the numerical procedure. Fourier series makes it possible to describe non-smooth asymmetric distribution functions from which the accuracy of the evaluation depends on the number of expansions used [9, 22, 10] . However this kind of function still can not represent the real surface feature [23] . In this study, the surface roughness model based on the real measured value from Fig.  2 has been set up through the ANSYS Parametric Design Language (APDL) as shown in Fig. 4 (a) . Fig. 4 (b) is the 3D meshing of one corner of the model where the three dimensional characterization of asperities is illustrated. The element type is 3D solid element. Mesh size is changed with the element position and the strip surface is meshed in much finer size. 
Simulation conditions
The simulation was carried out with an explicit dynamic finite element code, LS-DYNA. The diameter of the two rolls was 125 mm and the rolled strip was selected for the analysis by utilising the three dimensions 200×40~180×1.5~2.0 mm in the rolling, transverse and thickness directions, respectively. Element types used for the roll and the rolled strip is SOLID164 (three dimensional 8 NODE solid element), and the finite element mesh in the rolled strip includes 165,380 nodes and 121,378 elements with refined elements around the surface roughness for improving the simulation accuracy and further surface roughness calculation after simulation. In the rolling process, the roll rotates with a fixed angular velocity, and the strip enters the roll with an initial velocity, and exits under the friction force. A surface-to-surface contact condition is defined between the roll and the strip. Solution termination time is 1.5 s and time steps for LS-DYNA include number of elements to plot of 100, translucency value of 0.9 and time step scale factor is 0.9.
The rolled strip was assumed to be isotropic elastic-plastic, while the model of the work rollers was assumed to be linear-elastic material. Table 1 shows the mechanical properties of the work roller and rolled strip used in the simulation. The static and kinetic friction coefficients between the strip and roller were assumed to be 0.035 and 0.025, respectively. The analysis of asymmetric rolling in the thin strip has been carried out within the present study with the aim of establishing the effect of the speed asymmetry factor, , on rolling force, strip bending and surface roughness during the rolling process. In this simulation, the change of surface roughness of the roll can be ignored due to its higher hardness than that of the rolled strip as shown in Table 1 . The roller surface was assumed to be smooth and the texture effect of the roll would not be taken into consideration. 
Simulation result and discussions
Analytical studies show that the real contact area between the rolled strip and the roller occurs at isolated points where the asperities came together. With increasing pressure, the plastic deformation fields around individual asperities merged. Due to surface roughness it occurs at discrete points, and the force between the bodies is the sum of the individual forces on contacting asperities which constitute the pressure distribution. Fig. 5 shows the schematic deformation model of asperities. It can be seen that the asperities flattening occurs near the contact interface between the roller and the rolled strip. When surfaces are loaded together under dry conditions or with boundary lubrication, most of the load is carried by the asperities in close contact. In these cases the friction between the roller and strip will be controlled by the growth of the true areas of contact. Two factors complicate the picture of contact growth in rolling processes. Firstly, at the high pressures involved, there is interaction between contacting asperities and secondly the deformation of the rolled materials will affect the asperity deformation. Without any bulk deformation, the growth of contact area will be limited as the pressure increases. The effect of bulk plasticity was highlighted which showed how asperities were flattened when deforming short cylinders with bulk deformation directly below the asperities [24] . The area of contact ratio was increased in model asperities with bulk deformation of the substrate, and the rate of asperity flattening with bulk straining was related to the spacing of the asperities and to the difference in pressure between loaded and unloaded parts.
Contact arc length Rolling entrance
Rolling exit
Rolling direction
Strip width Strip thickness Fig. 6 A sketch of deformed half-thickness strip during cold rolling. Fig. 6 shows a sketch of deformed half-thickness strip during cold rolling. The contact arc length existing rolling entrance and rolling exit is the contact length between the roll and the strip.
Real contact area evolution
The real area of contact can be defined as a function of the surface topography, material properties and interfacial loading conditions as shown in Eq.2.
(2)
When two surfaces move relative to each other, the adhesion of these asperities and other sources of surface interactions contribute to friction force. A real contact region consists of contact spots, the total area of which is a small fraction of the nominal contact area which is the minimal connected region enclosing all the contact spots. Fig. 7 shows the real contact area under asymmetric rolling. The total contacting length of the profile, as well as the equivalent stress at each node contacting the roller is recorded. The former is used to calculate the contact area ratio, while the data of the equivalent stress are collected for further analysis. The randomness comes from the random nature of surface roughness, whereas the different sizes of spots occur due to the multiple scales of roughness. For a given load, the size of spots depends on the surface roughness and the mechanical properties of the contacting materials. The existing spots will increase in size with an increase of rolling pressure, new spots will appear, and two or more spots may coalesce to form a larger spot. The calculation of real contact area ratio is listed below, (3) where, and are real contact area and apparent area, respectively.
Simulated surface roughness is considered to be a high frequency, wavelength of a calculated surface, which is characterized through average roughness .
where, l is calculated length, and is the measured height from the simulation. Fig. 8 Contact area ratio versus the specific rolling force. Fig. 9 Contact area ratio dependence on strain in thickness. Fig. 8 compares the evolution of area of contact ratio with specific rolling force obtained by the FEM models and Keife's model [25] . Keife's model presented the creation of surface asperities considering the deformation hardening of work material and the elastic deformation of the roll, and the model can be used to study the influence of friction related process parameters such as lubricant viscosity and rolling speed. To obtain a general understanding, specific rolling forces applied are all normalized by over the yield stress in plain strain. It is clear that the contact ratio increases as a function of specific rolling force for the two models. The curve of present model is relatively close to that of Keife model with a maximum difference of 10.5% at p/2k of 0.7. The difference between present model and the Keife model apparently becomes larger before the specific rolling force reaches 1.2. Both curves have similar trends and the differences between two models might be explained as different asperity slopes and different methods being used in the simulations.
Real contact area fraction as a function of strip strain in simulation shown in Fig. 9 and Sutcliffe [9] experimental results are also plotted. The asperities on the surfaces to interact are in a nonuniform way, exerting forces on each other and leading to frictional forces. With an increase of strain in thickness, the contact area ratio increase accordingly. However, this trend is much more flattening when the contact area ratio reach near 0.9. In other words, the change of contact area ratio is insensitive with further increased strain in thickness. Fig. 10 shows the change of the surface roughness ratio with specific rolling force, and is the roughness after flattening while is the initial roughness before rolling. Note that the roughness ratio decreases with an increase of specific rolling force because the roller flattens the asperities and peaks much more under higher rolling force. Compared Fig. 9 with Fig. 10 , it can be seen that when the strain in thickness reaches over 0.3 the contact area ratio tends to 1, a nearly completely flattened surface. However, the height of asperities still reduces with an increase of rolling pressure and this results in reduced surface roughness ratio in Fig. 10 , while the contact area between the roll and rolled strip remains constant or less change depending on asperity shape as shown in Fig. 9 . In other words, the contact area ratio is not in a strict monotone function with the change of surface roughness.
Surface roughness evaluation in FE simulation
The surface roughness ratio of the upper side and the bottom side with strip thickness and speed ratio is shown in Fig. 11 . Results reveal that the roughness ratio increases with strip thickness and decreases with speed asymmetric factor. Nevertheless, both sides of the strip surface have nearly conformed to the roll surface after the rolling. Since the surface roughness on both the incoming and outgoing strip is close to that of the rolls, any effect of surface roughness is overshadowed by scatter in the measurements. Nevertheless, there appears to be a slight increase in the surface roughness at very small, which may be associated with a breakdown of lubrication. The surface roughness difference between lower side and upper side of the rolled strip is higher in higher speed ratio than in lower speed ratio. In addition, this difference reduces with an increase of the rolled strip thickness. Fig. 11 Roughness amplitude of the rolled strip. Fig. 12 shows the surface roughness versus pass reduction under different initial thicknesses. It can be seen that the surface roughness decreases with an increase of pass reduction and the decreasing of initial strip thickness. With the increasing rolling pass reduction, more plastic deformation will occur. The reprinting between the roller and the strip becomes more significant which results in the decreasing of the surface roughness of rolled strip. 
Rolling characterization of asymmetric rolling
The effect of rolling speed asymmetric factor is investigated in this section. 13 shows the rolling state in asymmetric deformation, the roller elastic deformation is shown in this figure. It can be seen that the maximum effective stress is around 512Mpa at time of 0.464s
Rolling parameters effects
The effective strain comparison between the elements in the central and the strip edge in Fig. 14 . It can be seen that the effective strain is higher in the strip edge (1.5) than that in the central (1.0). This is because of the roller elastic deformation which results in an inhomogeneous rolling deformation across the strip width. More deformation exists in the strip edge which will be a potential factor for edge defect occurrence. Fig. 15 shows the rolling pressure under different roller speed asymmetric factor across the contact arc length. It can be seen that the maximum rolling pressure is in the position with contact length of 4 mm. With an increasing of the speed asymmetric ratio, the maximum rolling pressure decreases. In addition, Fig. 15 reveals the cross shear zone length m in contact arc length and the cross shear zone is longer in higher speed ratio than in low speed ratio. When the speed asymmetric ratio is 1, the neutral points become a single one and the cross shear zone length m is zero. Comparison of the calculated rolling forces is shown in Fig. 16 . Note that the calculated rolling force increases with the strip width and pass reduction. Fig. 17 shows the effect of speed asymmetric factor on specific rolling force across strip width. This verifies the feature of reducing the rolling force during asymmetric rolling. The specific rolling force along the strip width is nonuniform. For higher roll speed asymmetric factor, the specific rolling force at the edge is lower than that in lower speed asymmetric factor, which can reduce the contact between the roll and the rolled strip and reduce the work roll edge wear. Fig. 17 Effect of speed asymmetric factor on specific rolling force across strip width.
Strip curvature during asymmetric rolling
Strip curvature in asymmetric rolling is an important evaluation item for strip shape quality. If the radius of outgoing curvature due to differences in the shear and axial strains are defined as r 1 and r 2 , respectively, the resultant radius of curvature at exit is expresses as [30] (5)
To distinguish between upward and downward curvature of the outgoing strip, the curvature index is defined as (6) Fig. 18 Curvature index versus initial thickness for different speed asymmetric factor.
In Fig. 18 , variations of the curvature index for different input thicknesses at four specified speed asymmetric factors are depicted. As it is seen, in a small amount of speed mismatch, change in the initial thickness has no vigorous effect on the outgoing curvature. However, at high speed mismatch values, the curvature index effectively changes by increasing the initial thickness of the strip. The curvature index is always below to 1 and the simulation result shows that the strip bends always toward the lower-speed roll under this asymmetric rolling with equal diameter and different rotation velocity. This curvature affects the rolled strip shape profile and the applied forward tensile and backward tensile are benefit to reduce this curvature and maintain better strip shape profiles.
Conclusions
The FEM model has been proposed for the asymmetric rolling. The area of contact ratio increases as a function of specific rolling pressure. The surface roughness evolution has also been identified under various rolling conditions. The analysis shows that the strip bends toward the lower-speed roll under asymmetric rolling with equal diameter and different rotation velocity. Increasing the value of the speed asymmetry factor causes an increase in the strip curvature, while the force parameters decrease accordingly. The length of cross shear region in the roll bite increases and the neural points vary significantly with the speed asymmetric factor. The speed asymmetric factor also affects the specific rolling force across strip width significantly.
